Summary This brief overview of endocytic trafficking is written in honor of Renate Fuchs, who retires this year. In the mid-1980s, Renate pioneered studies on the ion-conducting properties of the recently discovered early and late endosomes and the mechanisms governing endosomal acidification. As described in this review, after uptake through one of many mechanistically distinct endocytic pathways, internalized proteins merge into a common early/sorting endosome. From there they again diverge along distinct sorting pathways, back to the cell surface, on to the trans-Golgi network or across polarized cells. Other transmembrane receptors are packaged into intraluminal vesicles of late endosomes/multivesicular bodies that eventually fuse with and deliver their content to lysosomes for degradation. Endosomal acidification, in part, determines sorting along this pathway. We describe other sorting machinery and mechanisms, as well as the rab proteins and phosphatidylinositol lipids that serve to dynamically define membrane compartments along the endocytic pathway.
Introduction
Endocytosis, the process by which cells internalize macromolecules and surface proteins, was first discovered with the advancement of electron microscopy that enabled visualization of the specialized membrane domains responsible for two mechanistically and morphologically distinct pathways: clathrin-mediated endocytosis (CME) [1] and caveolae uptake ([2; see Table 1 for a glossary of terms and abbreviations used in this review). Selective inhibition of these two pathways later led to the discovery of cholesterol-sensitive clathrin-and caveolaeindependent pathways [3] [4] [5] , and more recently, the large capacity pathway involving clathrin-independent carriers (CLICs) and glycophosphatidylinositol-anchored protein-enriched endosomal compartments (GEEC), termed the CLIC/GEEC pathway [6] .
After molecules have been internalized through one of these different endocytic pathways they traffic through and are sorted by a pleiomorphic series of tubulovesicular compartments, collectively called endosomes [7] . Internalized macromolecules and surface proteins can have many different fates: They can be recycled back to the plasma membrane, delivered to the lysosomes for degradation, or in polarized cells, sent across the cell through a process called transcytosis, which is important for transport across epithelia, endothelia, and the bloodbrain barrier [8] . Endosomal compartments undergo maturation from early to late endosomes, which involves decreasing luminal pH, altering key phosphatidylinositol lipids through regulation by lipid kinases and phosphatases, and differential recruitment and activation of Rabfamily GTPases.
Following the initial discovery of these pathways and their trafficking, it was then determined that each endocytic pathway fulfills multiple critical cellular functions. Cells communicate with each other and their environment through endocytosis. Consequently, endocytosis regulates the levels of many essential surface proteins and transporters in human health and disease, such as the glucose transporters that maintain serum glucose levels, proton pumps that control stomach acidification, or sodium channels that control cell homeostasis [9] . Furthermore, endocytosis regulates signaling from surface receptors such as G-protein coupled receptors [10] and receptor tyrosine kinases [11] . Finally, endocytosis regulates cell-cell and cell-matrix interactions through uptake of integrins and adhesion molecules [12] . Since the discovery of endocytosis several decades ago, its complex and critical role in human physiology and pathology have become increasingly appreciated and better understood. This review briefly summarizes our current state of knowledge about cargo sorting and trafficking along the endocytic pathway.
Multiple mechanisms for uptake into cells

Clathrin-mediated endocytosis
The most studied and, hence, well-characterized endocytic mechanism is CME ( Fig. 1) , which occurs through clathrin-coated pits (CCPs) and clathrin-coated vesicles (CCVs), first observed more than 50 years ago by thinsection electron microscopy [1] . CME was first found to play an important role in low-density lipoprotein [13] and transferrin uptake [14] upon binding to their respective receptors (hereafter referred to as 'cargo'). The principle components of the CCVs are the heavy and light chains of clathrin [15] , from which the pathway acquires its name, and the four subunits of the heterotetrameric adaptor protein 2 (AP2) complex [16] . The AP2 complex links the clathrin coat to the membrane bilayer and is also the principle cargo-recognition molecule [17] . There are other specialized adaptor proteins, collectively called 
Caveolae-mediated endocytosis
Caveolae-mediated endocytosis (CavME), which was also first discovered ~ 60 years ago by thin-section electron microscopy [2] , is the second most well-characterized and studied endocytic pathway (Fig. 1) . CavME has been found to be important in transcytotic trafficking across endothelia, as well as mechanosensing and lipid regulation [29] . Caveolae, the site of CavME, are flask or omegashaped plasma membrane invaginations with a diameter of 50-100 nm and are abundantly present on many but not all eukaryotic plasma membranes [30] . Biochemical studies have revealed that caveolae are detergent resistant, highly hydrophobic membrane domains, enriched in cholesterol and sphingolipids [31, 32] . In addition to their role in endocytosis, caveolae have been implicated as signaling platforms, regulators of lipid metabolism, and in cell surface tension sensing [33] .
The main structural proteins of caveolae are members of the caveolin protein family, the most common being caveolin-1. Caveolin-1 is a small integral membrane protein that is inserted into the inner leaflet of the membrane bilayer. The cytosolic N-terminal region of caveolin-1 binds to cholesterol and functions as a scaffolding domain that binds to important signaling molecules [33] . Once thought to be sufficient for the formation of caveolae, it is now known that caveolins co-assemble with cytosolic coat proteins, called cavins, to form these structures [34] .
Live cell microscopy studies have revealed that caveolae are static structures and that CavMe is highly regulated and triggered by ligand binding to cargo receptors concentrated in caveolae [29] . The steps involved in CavME are not as well understood as those involved in CME. However, budding of caveolae from the plasma membrane is known to be regulated by kinases and phosphatases [35] , as numerous studies have shown that "CLASPs" (for clathrin-associated sorting proteins) [18, 19] , which each recognize distinct sorting motifs on their respective cargo receptors. These cargo-specific adaptor proteins often interact with both clathrin and the AP2 complex, increasing the repertoire of cargo that can be sorted. CME proceeds through multiple stages: CCP initiation, cargo-selection, CCP growth and maturation, scission and CCV release, and, finally, uncoating. CCP assembly is initiated by AP2 complexes that are recruited, in part by the plasma membrane-enriched phosphatidylinositol lipid, PI(4,5)P 2 [19] . AP2 complexes then rapidly recruit clathrin [20] . Other scaffolding molecules (e.g., FCHo, eps15, and/or intersectins) also assemble early and may play a role in either nucleating and/or stabilizing nascent CCPs [20, 21] . Although clathrin has been shown to spontaneously assemble into closed cages in vitro [22] , in cells, other curvature-generating proteins must be recruited to nascent CCPs for efficient budding. For example, the intrinsically curved, BAR (Bin-Amphiphysin-Rvs) domain-containing proteins can create increasingly deeper curvature and are thought to be required for progression of the CCP [23] . As the nascent pits grow, AP2 and other cargo-specific adaptor proteins recruit and concentrate cargo. Clathrin polymerization stabilizes the curvature of the pit; however, other factors recruited to AP2 complexes are also required for efficient curvature generation and their subsequent invagination [24] .
Release of mature CCVs from the plasma membrane depends on the large GTPase dynamin [25] . Dynamin is recruited to CCPs by BAR domain-containing proteins [26] such as amphiphysin, endophilin, and sorting nexin 9, which also encode SRC homology 3 (SH3) domains that bind to dynamin's proline-rich domain. Dynamin assembles into collar-like structures encircling the necks of deeply invaginated pits and undergoes GTP hydrolysis to drive membrane fission [25] . Finally, once the vesicle is detached from the plasma membrane the clathrin coat is disassembled by the ATPase, heat shock cognate 70 (HSC70), and its cofactor auxilin [27, 28] . This allows Fig. 1 Schematic representation of the different endocytic pathways described in mammalian cells. The pathways can be divided into two main groups, dynamin-dependent and clathrin-and dynamin-independent pathways. Ligands known to traffic through each pathway, some of which have disease implications, are labeled along with the important molecular players of each pathway (Ct×B=cholera toxin B subunit; IL2=interleukin 2 cytokine; LactosylCer=lactosylceramide lipid; β1=β1 integrin). The representation was inspired by [93] .
endosomal compartments (GEECs) [6, 42] . Hence, this process is termed the CLIC/GEEC pathway. (iii) A pathway depending on the small GTPase, Arf6, that was first shown to mediate uptake and recycling of the Major Histocompatibility Antigen I [41] . Arf6 activates phosphatidylinositol-4-phosphate 5-kinase to produce PI(4,5) P 2 to stimulate actin assembly and drive endocytosis [45] . And, (iv) a pathway dependent on curvature-generating, membrane-anchored proteins, called flotillins [46, 47] . The degree of overlap of these pathways is still incompletely understood and, somewhat, disputed [48] . Certainly, they carry overlapping cargo molecules, for example, the GPI-anchored protein, CD59, is taken up by both the CLIC/GEEC and in a flottilin-dependent manner in HeLa cells. Similarly, the transmembrane protein, CD44 is a cargo of both the Arf6-pathway and the CLIC/GEEC pathway [49] . Thus, it remains unclear as to whether they represent mechanistically distinct pathways or cell type and/or experimentally induced variations of the same pathway. Additional molecular machinery and mechanistic insights are needed to resolve these issues and better define these pathways.
The role of these CIE pathways in the cell and the extent to which they contribute to the endocytic capacity of the cell remains unclear. Thus, whereas some studies suggest they are the major pathways for bulk uptake [6] , other authors have suggested that CME can account for virtually all bulk uptake [50] , inferring that CIE might be induced only upon disruption of CME. However, a recent survey of endocytic activities in 29 different non-small cell lung cancer cells revealed that CIE pathways are differentially regulated relative to CME and CavME, providing strong evidence of their autonomy and functional importance [51] .
Endosomal trafficking
Once internalized into cells through any of the multiple endocytic pathways, cargoes (receptors and their bound ligands) then merge into the common endosomal network. The endosomal network is a dynamic and interconnected "highway" system that allows for the vectorial trafficking and transfer of cargoes between distinct membrane-bound compartments. The function of the endosomal network is to collect internalized cargoes, sort, and disseminate them to their final destinations [44] . Upon entering the cell, primary endocytic vesicles undergo multiple rounds of homotypic fusion [52] to form early/ sorting endosomes. Within early endosomes initial sorting decisions are made, and the fates of the internalized receptors are decided. Ultimately, cargoes can be recycled back to the plasma membrane, sent to the transGolgi network (TGN) via retrograde traffic, or sorted to the lysosome for degradation (Fig. 2) . The regulation of membrane traffic and cargo sorting is achieved through the tight spatial and temporal control of endosomal identity. their chemical inhibition either inhibits (in the case of kinase inhibitors) or enhances (in the case of phosphatase inhibitors) CavME [36, 37] . Finally, like CME, dynamin is required to pinch off caveolae vesicles from the plasma membrane [38] .
Clathrin-independent endocytosis
More recently, it has become clear that other mechanistically distinct endocytic pathways mediate uptake of different subsets of signaling, adhesion, and nutrient receptors, as well as regulate the surface expression of membrane transporters. These pathways have been shown to be clathrin-independent endocytic (CIE) pathways, and as the name infers, the endocytic vesicles/ tubules involved in CIE have no distinct coat and are not easily detected by EM. Thus, these pathways were first discovered by virtue of their resistance to inhibitors that block CME and CavME [3, 4, 39] .
The term CIE encompasses several pathways (Fig. 1 , reviewed in [40] [41] [42] ): (i) An endophilin-, dynamin-and RhoA-dependent pathway that was first identified for its role in interleukin-2 receptor endocytosis [5] and recently shown to mediate uptake of many other cytokine receptors and their constituents [43] . (ii) A recently discovered clathrin-and dynamin-independent pathway that involves the small GTPases Rac1 and Cdc42 and leads to the actin-dependent formation of socalled CLICs [44] , which fuse to form a specialized early endosomal compartment called the GPI-AP enriched Fig. 2 Endosomal trafficking. Internalized vesicles undergo homotypic fusion to form early/sorting endosomes, which tubulate to facilitate cargo sorting. From here internalized cargo can be sorted and recycled back to the plasma membrane through the recycling endosome, sent to the trans-Golgi network (TGN) via retrograde trafficking mechanisms, or trafficked through the late endosome/multivesicular body (MVB) to the lysosome for degradation. As endosomes mature they increase in acidification (depicted in greyscale). Additionally, each endosomal compartment is defined by signature phosphatidylinositol phospholipids (PIPs) and Rab family GTPases in the endoplasmic reticulum and delivered to other endomembrane compartments through membrane trafficking [55] . PIP segregation on distinct membranes is critical for the directional flow of membrane cargoes. Specific PIPs are enriched at distinct compartments through the regulated interconversion of PIP species by lipid kinases and phosphatases that mediate reversible phosphorylation/dephosphorylation at the 3, 4, and 5 positions of the inositol ring [55, 56] . Increasing evidence demonstrates that lipid distribution is important for the differential recruitment of proteins involved in trafficking to specific membrane compartments through PIP-specific lipid-binding domains (Fig. 2) . Thus, as described above, many components of the CME pathway, including AP2 and dynamin, selectively bind to PI(4,5)P 2 , which is enriched at the plasma membrane. Similarly, FVYE domains (named after the four proteins, Fab1p, YOTB, Vac1p, EEA1, originally found to encode the domain) and PX domains (Phox homology) preferentially bind PI(3)P [57, 58] , which is predominantly restricted to early endosomes and their intraluminal vesicles (ILVs, see Fig. 2 ; [59, 60] ). Distinct pleckstrin homology domains, also found on many endocytic proteins, can recognize either PI(4)P, PI(4,5)P 2 , or PI(3,4,5)P 3 [58] .
There is a close relationship between PIP-modifying enzymes and Rab GTPases, the other molecular identifier of distinct endosomal compartments. For example, PIPs can recruit regulators of Rab proteins, that is, GEFs that activate Rabs and GAPs that inactivate them, to target membranes through the association of specific lipid-binding domains. In addition, PIP kinases and phosphatases are often Rab effectors. Thus, Rab5-dependent PI(3)P synthesis on early endosomes is regulated by the class III PI3-kinase VPS34 [61] , a Rab5 effector [62, 63] . Additionally, several known Rab effectors have PI(3) P binding motifs, including early endosomal antigen 1 (EEA1), a well-characterized marker of early endosomes, which associates with PI(3)P through its FYVE domain. Thus, phosphoinositides and Rabs can coordinate membrane identity through both positive and negative feedback mechanisms [63, 64] .
An important and emerging concept in endosomal maturation is domain or compartment conversion [65] . In this process, also known as a Rab cascade, an upstream Rab (e.g., Rab5) recruits a GEF that activates and recruits a downstream Rab (e.g., Rab7), which in turn recruits a GAP for the upstream Rab and, in this way, converts the membrane's identity (e.g., from a Rab5 to a Rab7 domain). Thus, through a change in Rabs and their effector molecules, the membrane's identity and function is altered.
Endosomal sorting mechanisms
As cargoes enter the endosomal network they are sorted in the early endosome towards their final destination. Early endosomal sorting depends initially on endosomal acidification and ligand dissociation. Internalized
Endosome identity
Each compartment within the endosomal network has a unique identity. However, these identities are fluid and can be altered as molecules, and cargoes are dynamically exchanged. This process is more widely recognized as endosomal maturation. Early endosomes mature to late endosomes through several mechanisms. Most notably, as endosomes mature their lumens become increasingly acidic. This is due to the actions of a v-type vacuolar H + ATPase in the membrane bilayer, which pumps hydrogen ions into the vacuole lumen and decreases the pH [53, 54] . Other mechanisms have evolved to regulate the dynamic nature of these trafficking pathways and to control the directional flow of membrane trafficking, such as alterations in phosphatidylinositol phospholipids (PIPs), and the differential recruitment and activation of Rab family GTPases (for more information on Rabs, see Box 1).
Box 1: Rab proteins control membrane identity, function, and trafficking
Rab GTPases are highly conserved small monomeric GTPases that have key roles in regulating membrane trafficking and the compartmentalization of the endomembrane system. The Rab GTPase family is the largest family within the Ras superfamily of small GTPases. Rabs contribute to the structural and functional identity of the endomembrane system through the recruitment of unique sets of effector proteins to the surfaces of distinct membrane compartments [63, 85, 94, 95] . This function relies heavily on the fact that Rab GTPases, similar to other Ras superfamily GTPases, function as "molecular switches" and cycle between GDP-and GTP-bound states. As Rab GTPases have low intrinsic rates of nucleotide exchange and hydrolysis, they require other proteins to help modulate the GTP-GDP cycle. Guanine-nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) catalyze the exchange and hydrolysis reactions, respectively [96] . Rab effectors preferentially bind to the GTP-bound and active form of Rab GTPases. The association of an active Rab GTPase and its effector protein allows for the formation of higher-order molecular assemblies, which define endomembrane identity as well as control vesicle formation, targeting, and fusion to ensure the directionality of transport. These Rab-centric protein complexes are reversible, as well as spatially and temporally regulated through the GTP-GDP cycle, to allow for the dynamic flux of endomembrane identity and the fidelity of cargo transport [97] . The proper spatiotemporal regulation of Rab GTPase activity is absolutely critical to maintaining vesicle trafficking throughout the cell.
Membrane compartments along the endocytic pathway are, in part, identified by their phosphatidylinositol phospholipid composition. PIPs are phosphorylated derivatives of phosphatidylinositol, which is synthesized 17 in yeast), and the cargo-selective complex comprised of Vps26, Vps29, and Vps35 [70] . The retromer complex is recruited to endosomes through SNX-mediated PI(3) P binding and/or association with Rab7-positive late endosomes through Vps35-Rab7 interactions [70] . Retromer complexes function to "rescue" cargo receptors (e.g., the mannose-6-phosphate receptor that carries newly synthesized lysosomal hydrolases from the TGN to the endo/lysosomal system) from the degradative lysosomal pathway and divert them for recycling to the plasma membrane or the TGN.
Other mechanisms of active cargo sorting within the endosomal network have been discovered [68] . One example is the sorting of ubiquitinated cargoes, such as the signaling epidermal growth factor receptor, into intraluminal vesicles for lysosomal degradation. As early endosomes mature they can accumulate intraluminal vesicles in their vacuolar portions through the inward budding of the limiting membrane [73, 74] . These ILVs increase in number as endosomes mature to become late endosomes/multivesicular bodies. Sorting into ILVs is mediated by the multi-subunit endosomal sorting complexes required for transport (ESCRT) machinery. The ESCRT complex family is composed of four different protein complexes, ESCRTs -0, -I, -II, -III, and Vps4, a member of the AAA-ATPase (ATPases associated with various cellular activities) family that functions to disassemble the ESCRT complexes and complete the process. These complexes act together to recognize and sort ubiquitinated cargoes and drive the formation of cargocontaining ILVs [73] [74] [75] . Upon late endosome-lysosome fusion the ILVs are exposed to and degraded by lysosomal hydrolyses (lipases and proteases).
Endocytosis in human disease
The loss of function of any of the central components of CME such as clathrin, AP2, and dynamin result in embryonic lethality [26, 76, 77] . Therefore, severe mutations of the key players are not seen in human disease. However, several perturbations of CME have been reported in numerous human diseases such as cancer, myopathies, neuropathies, metabolic genetic syndromes, and psychiatric and neurodegenerative diseases [18] . Likewise, core components of CavME have been shown to be altered in cancer [78] [79] [80] , and CavME has been suggested to play a role in a variety of diseases including diabetes, cardiovascular disease, and myopathies. Because of the different cargo trafficked in a clathrin-independent manner which are important for cell survival [46] , signaling [81] , and migration [82] and their regulation by small GTPases, the CIE pathway is also thought to be deregulated in human diseases, specifically cancer [48] . However, since so little is currently known about these pathways, more research is needed to fully understand their physiological importance.
Given the ubiquitous and critical nature of endocytosis, it has been usurped for both good and bad. Thus, ligand-receptor complexes have different pH sensitivities for receptor-ligand dissociation [66] . This allows for the differential recycling of cell surface receptors. For example, receptors that recycle to the plasma membrane typically release their ligands in the early endosome, where the pH is maintained at ~ 6.5, in part through regulation by the circulating plasma membrane Na/K ATPase [54] . This allows for the rapid recycling of cell surface receptors such as the transferrin receptor or the low-density lipoprotein receptor. Cargoes that are destined for the TGN release their ligands in the late endosomal pH range of ~ 5.5 (e.g., mannose-6-phosphate receptor). Conversely, signaling receptors (e.g., the epidermal growth factor receptor) often remain ligand bound and active, even at low (~ 4.5) pH. This can allow for their continual signaling from endosomal compartments until they are sorted into ILVs and sent for degradation in the lysosome [66] .
In addition to pH, endosome geometry is important for sorting of internalized cargoes [67] . Early endosomes are highly dynamic and pleiomorphic structures. As early endosomes mature they can exhibit tubulation, which helps facilitate cargo sorting and recycling. The larger vacuolar portion of the early endosome is roughly spherical and 100-500 nm in diameter [44] . This geometry maximizes the volume-to-surface area ratio and, thus, as ligands dissociate from their receptor they accumulate in the lumen of these vacuolar regions. Conversely, the narrow tubules that extend from early endosomes have a maximum surface area-to-volume ratio. This allows for the accumulation of transmembrane receptors destined for recycling. In some cells the tubules released from early/sorting endosomes accumulate in the perinuclear region before returning to the cell surface, forming the recycling endosome [44, 67] .
In addition to physical sorting by pH and geometry, it was discovered that efficient endocytic cargo recycling depends on the active association of sorting machinery with sorting signals encoded within the amino acid sequences of cargo molecules [68] . These active sorting interactions typically occur along endosomal tubules. Endosomal membrane tubulation is driven by proteins with lipid-binding motifs, such as BAR domain-containing proteins, which can induce membrane curvature. Sorting nexin family proteins (SNXs) also interact with endosomal membranes, induce tubulation, and control cargo sorting [69] . Several SNX family members are involved in cargo sorting as part of the evolutionarily conserved retromer complex [68, 70] . The retromer complex was discovered in yeast, as being required for retrograde transport of the trans-Golgi sorting receptor, Vps10, from endosomes to the TGN [71, 72] . Later, biochemical and cell biology studies demonstrated the conservation of this complex in mammals and uncovered the molecular mechanisms of action. The retromer complex can be divided into two functionally distinct subcomplexes: the membrane recognition and deformation complex comprised of BAR domain-containing sorting nexins (SNX 1/2 or SNX 5/6 in mammals, or Vps 5 and viruses and toxins specifically target different endocytic pathways to invade the cell [83] , and as more becomes known about the different pathways of endocytosis, researchers are developing methods to specifically target and deliver nanoparticles and therapeutics to diseased cells [84] .
Mutations in Rabs [85] [86] [87] [88] , lipid phosphatases [89] and kinases [55, 56] , and other components of the endosomal trafficking and sorting machinery are also linked to many human diseases [12, [90] [91] [92] . Though we have gained much insight into the molecular mechanisms of endosomal trafficking, there are still gaps in our knowledge of how cells have evolved specialized mechanisms of cargo detection, sorting, and trafficking. A deeper understanding of these mechanisms will lead to a better understanding of the link between endocytic membrane trafficking and human pathology. 
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